Beyond its well-documented role in vesicle endocytosis, clathrin has also been implicated in the internalization of large particles such as viruses, pathogenic bacteria, and even latex beads. We have discovered an additional clathrin-dependent endocytic process that results in the internalization of large, double-membrane vesicles at lateral membranes of cells that are coupled by gap junctions (GJs). GJ channels bridge apposing cell membranes to mediate the direct transfer of electrical currents and signaling molecules from cell to cell. Here, we report that entire GJ plaques, clusters of GJ channels, can be internalized to form large, double-membrane vesicles previously termed annular gap junctions (AGJs). These internalized AGJ vesicles subdivide into smaller vesicles that are degraded by endo/lysosomal pathways. Mechanistic analyses revealed that clathrin-dependent endocytosis machinery-components, including clathrin itself, the alternative clathrin-adaptor Dab2, dynamin, myosin-VI, and actin are involved in the internalization, inward movement, and degradation of these large, intercellular double-membrane vesicles. These findings contribute to the understanding of clathrin's numerous emerging functions.
INTRODUCTION
The role of clathrin in endocytosis is well documented. This protein forms a typical curved lattice around endocytic vesicles that are internalized at the plasma membrane (PM). In addition, the involvement of clathrin in several uncharacteristic endocytic processes has been reported, including the internalization of viruses, pathogenic bacteria, and large latex beads (Aggeler and Werb, 1982; Ehrlich et al., 2004; Rust et al., 2004; Veiga and Cossart, 2005) . Here, we describe another function of the clathrin-dependent endocytic machinery that results in the internalization of large, doublemembrane vesicles at lateral PMs of cells that are coupled by gap junctions (GJs).
GJs are ubiquitously distributed channels that connect the cytoplasms of two apposing cells each participating in this connection via a half channel termed a connexon to provide direct cell-to-cell communication. Connexons are hexamers of four-pass membrane proteins called connexins (Cxs; Bruzzone et al., 1996; Kumar and Gilula, 1996) . Once transported to the PM, GJ channels cluster into two-dimensional arrays termed plaques that can be composed of a few to many thousands of individual channels and vary from a few square nanometers to many square micrometers (Bruzzone et al., 1996; Falk, 2000a; Severs et al., 2001) . GJ channels can open and close (gate) and physiological parameters, including intracellular pH, Ca 2ϩ concentration, and Cx phosphorylation, are known to modulate GJ channel gating and the extent of GJ-mediated intercellular coupling (Delmar et al., 2004; Lampe and Lau, 2004; Moreno, 2005) . However, the extent of intercellular coupling could also be regulated through altering the number of GJ channels in the PM.
Cxs have a surprisingly short half-life of only 1-5 h, leading to a rapid GJ and Cx protein turnover (Fallon and Goodenough, 1981; Beardslee et al., 1998; Berthoud et al., 2004) . Additional studies have shown that docked connexons cannot be separated under physiological conditions (Goodenough and Gilula, 1974; Ghoshroy et al., 1995) , suggesting that GJ degradation could occur via the internalization of complete double-membrane spanning GJ plaques. Structural and ultrastructural analyses of differentiating tissues and cells in culture have shown cytoplasmically located, double-membrane GJ vesicles that were termed annular gap junctions (AGJs; Ginzberg and Gilula, 1979; Larsen et al., 1979; Leach and Oliphant, 1984; Mazet et al., 1985; Jordan et al., 2001) , leading to the hypothesis that AGJ vesicles represent internalized GJs.
To test this hypothesis, we investigated the spatiotemporal process of GJ degradation in living and fixed HeLa cells that transiently or stably expressed fluorescent proteintagged Cx43 (Cx43-green fluorescent protein [GFP] , -cyan fluorescent protein [CFP] , and -yellow fluorescent protein [YFP] ). We then examined these cells by time-lapse fluorescence microscopy combined with ultrastructural analyses.
Our studies demonstrate for the first time that entire GJ plaques can internalize to form large intracellular GJ vesicles. These vesicles are then fragmented into smaller vesicles that are degraded by endo/lysosomal pathways. To understand the mechanism of GJ internalization, the role of a number of proteins known to play a critical role in endocytosis was investigated. Our results show that proteins critical for clathrin-dependent endocytosis, including the coat protein clathrin itself, the alternative clathrin-adaptor Dab2, dynamin, myosin-VI, and actin filaments are used to internalize, translocate, and degrade double-membrane spanning GJ channel plaques. Depleting cells of clathrin by RNA interference (RNAi), and expressing Cx43-GFP in cells that express only low amounts of Dab2 (COS-7) demonstrated that interaction and recruitment of both proteins is highly specific and that clathrin depletion significantly reduces GJ internalization. To our knowledge, this report is the first to describe that a combination of proteins including clathrin, Dab2, dynamin, and myosin-VI can be used to internalize and translocate large double-membrane vesicles.
MATERIALS AND METHODS

cDNA Constructs
Fluorescent protein-tagged Cx43 constructs were described previously (Falk, 2000) . The GFP-tagged myosin-VI full-length construct (GFP-M6full, generously provided by T. Hasson, University of California, San Diego, La Jolla, CA) was described previously (Aschenbrenner et al., 2003) . Localization of phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P 2 ] to GJ plaques was examined by expressing the pleckstrin homology (PH) domain of phospholipase C ␦ fused to GFP (generously provided by L. Traub, University of Pittsburgh, Pittsburgh, PA) as described previously (Varnai and Balla, 1998) combined with immunofluorescent detection of Cx43.
Antibodies and Staining Reagents
Goat anti-clathrin heavy chain antibodies (Sigma-Aldrich, St. Louis, MO), anti-clathrin heavy chain monoclonal antibodies (mAbs) clone 23 (BD Biosciences, San Jose, CA), X22 (Chin et al., 1989) , and rabbit polyclonal clathrin light-chain antibody 4878 (generously provided by S. Schmid, The Scripps Research Institute, La Jolla, CA) were used at dilutions of 1:100 -1:250. Anti-␣-adaptin (AP-2 subunit) mAbs (clone AP6; Affinity Bioreagents, Golden, CO) were used at a dilution of 1:200. Anti-Dab-2/p96 (clone52; BD Biosciences) and anti-myosin-VI tail mAbs, generously provided by T. Hasson (University of California, San Diego; Hasson and Mooseker, 1994) , were used at 1:50 and 1:100 dilutions, respectively. Human nonmuscle myosin-IIA and -IIB heavy chain-specific rabbit anti-peptide antibodies (BAbCO, Richmond, CA) were used at 1:200 dilutions. Polyclonal rabbit anti-epsin 1 and monoclonal anti-CALM antibodies (generously provided by L. Traub) were used at 1:500 and 1:100 dilutions, respectively. Anti-dynamin mAbs (clone 41; BD Biosciences) were used at 1:250 dilutions. Rabbit polyclonal anti-Cx43 antibodies (Zymed Laboratories, South San Francisco, CA) were used at a dilution of 1:200. Secondary antibodies conjugated to Cy3, Texas Red, or Alexa Fluor (Jackson ImmunoResearch Laboratories, West Grove, PA and Invitrogen, Carlsbad, CA), respectively, were used at 1:100 -1:200 dilutions. The membrane stain DiI (Invitrogen) was added to growth medium at concentrations of 5 M for 2 min, followed by medium exchange and immediate observation. A quantum dot solution (Qtracker 655; Invitrogen) was microinjected at a needle concentration of 400 nM in injection buffer as described previously (Piehl and Cassimeris, 2003) . A rhodamine-phalloidin stock solution was prepared according to manufacturers directions (Invitrogen) and used at a dilution of 1:200 in PBS for 10 min.
Cell Culture, Stable and Transient Transfections, and Immunofluorescence Labeling
Human epitheloid cervix carcinoma cells (HeLa, ATCC CCL 2; American Type Culture Collection, Manassas, VA) and African green monkey kidney cells (COS-7, ATCC CRL 1650; American Type Culture Collection) were maintained under standard conditions as described previously (Falk, 2000) . Inducible, stable transfected HeLa tet-on cell lines expressing Cx43-CFP, and Cx43-YFP, respectively, were constructed and induced as described previously (Lauf et al., 2002) . For transfections, inductions, and stainings, cells were seeded on 22-mm round cover glasses placed in 35-mm cell culture dishes and grown to ϳ70% confluence. The following day, appropriate cells were transfected with Superfect transfection reagent (QIAGEN, Valencia, CA) as described by the manufacturer. Twenty-four hours later, cells were fixed and permeabilized either with methanol, or 2% formaldehyde for 10 min, washed three times in phosphate-buffered saline (PBS) (between all steps), followed by incubations for 30 min in 0.1% Triton X-100, and 2% bovine serum albumin (BSA)/PBS blocking solution. Cells were incubated with antibodies for 1 h at room temperature, rinsed in PBS, and mounted with Fluoromount G (Southern Biotechnology Associates, Birmingham, AL).
Fluorescence Microscopy
Time-lapse microscopy was performed on a Nikon Eclipse TE 2000E inverted fluorescence microscope equipped with 40ϫ Plan Fluor (numerical aperture [NA]1.3), 60ϫ and 100ϫ Plan Apochromat (NA1.4) oil immersion lenses; a forced-air-cooled Photometics CoolSnap HQ charge-coupled device camera (Roper Scientific, Duluth, GA) and a ProScan II motorized stage (Prior Scientific, Rockland, MA). Cells were grown on round, 30-mm-diameter coverslips and mounted in a closed-exchange POC Mini live cell chamber (PeCon, Erbach, Germany). Openings were connected to a 5% CO 2 gassed medium reservoir on one side, and a microperfusion pump (Instech Laboratories, Plymouth Meeting, PA) (flow rate 300 l/h) on the other side. The interior of a custom-made Plexiglas incubator encasting the entire microscope system was heated to 37°C. Images were captured, analyzed, and processed using MetaVue software version 6.1r5 (Molecular Devices, Sunnyvale, CA) and Adobe Photoshop (Adobe Systems, Mountain View, CA). Fluorescence colocalization analyses were performed on a Zeiss Axiovert 200 M inverted fluorescence microscope (Carl Zeiss, Jena, Germany) equipped with an LSM510 META scan head and a 63ϫ Apochromat oil-immersion lens (NA1.4). Argon ion and HeNe lasers were used to generate the 488-and 543-nm excitation lines, and pinholes were typically set to 1 airy unit. Images were acquired using two-line mean averaging in separated channels to avoid bleed through and LSM510 META 3.0 software. Deconvolution microscopy was performed as described previously (Falk, 2000) .
Ultrastructural Analyses
HeLa cells were transiently transfected with GFP-tagged Cx43 and incubated overnight. Cells were fixed in 3.5% glutaraldehyde in 1ϫ PBS for 1 h at room temperature (RT). After an overnight rinse in 1ϫ PBS cells were postfixed in 1% osmium tetroxyde (1 h at RT). Cells were dehydrated in an ethanol series and flat embedded in Epon. Embedded cells were mounted and thin-sectioned using an LKB Ultotome NOVA ultramicrotome (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom). Thin sections were stained with uranyl acetate and lead citrate and examined with a Phillips CM10 electron microscope.
Drug Treatments
Actin filaments were stabilized or disrupted by treating cells with jasplakinolide (Calbiochem, San Diego, CA; 0.5 M, stock in dimethyl sulfoxide [DMSO]), cytochalasin D (Sigma-Aldrich; 0.3 M, stock in DMSO), or latrunculin A (Sigma-Aldrich; 1 M, stock in DMSO) for 1 h. AGJ dynamics were tracked from time-lapse image sequences (typically 2-to 3-min intervals) by using the "Track Objects" application of MetaMorph (Molecular Devices). Clathrin-dependent endocytosis was inhibited by treating cells with hypertonic medium (0.2 M sucrose) for 3 h as described previously . Myosin-II was inhibited by treating cells with 100 M blebbistatin (Calbiochem; stock in DMSO) for 4 h.
RNAi Assays
Two double-stranded RNA oligonucleotides (oligos) corresponding to clathrin heavy chain (#1 sense [s]: 5Ј-AUCCAAUUCGAAGACCAAUTT-3Ј; antisense [as]: 5Ј-AUUGGUCUUCGAAUUGGAUTT-3Ј; #2 [s]: 5Ј-CCUGCGGU-CUGGAGUCAACTT-3Ј; [as]: 5Ј-GUUGACUCCAGACCGCAGGTT-3Ј) and fluorescently labeled control RNA (siGLO RISC-free fluorescently labeled, nontargeting oligo) were purchased from Dharmacon RNA Technologies (Lafayette, CO) and transfected into HeLa cells using Oligofectamine (Invitrogen), followed 48 h later by Cx43-GFP cDNA using Superfect (QIAGEN) as recommended by the manufacturers. Cells were assayed 72 h after oligo transfection. Efficiency of clathrin-dependent endocytosis inhibition was monitored by incubation in medium containing 10 g/ml Alexa Fluor 488labeled transferrin (5 mg stock solution in 1ϫ PBS; Molecular Probes) for 3 min, fixation, and microscopic examination.
Immunoblot Analyses
Total cell lysates were separated on 6 -8% acrylamide mini-gels (Bio-Rad, Hercules, CA), transferred onto nitrocellulose membranes, and blocked with 5% dry milk. Membranes were incubated in polyclonal anti-Dab2 (generously provided by L. Traub; 1:5000 dilution), anti-clathrin heavy chain (monoclonal CHC 610499; BD Biosciences), and monoclonal anti-␤-tubulin (clone E7; Developmental Studies Hybridoma Bank, Iowa City, IA) primary antibodies (1:1000 dilution), and goat anti-rabbit or mouse horseradish peroxidase-conjugated secondary antibodies (Zymed Laboratories; 1:5000). Bound antibodies were detected using an Immun-Star horseradish peroxidase chemiluminescent kit (Bio-Rad).
Statistical Analyses
Statistical analyses of AGJ dynamics and clathrin/myosin-VI involvement in GJ internalization was done by counting the number of Cx43-GFP-expressing cells, by counting the number of AGJ and GJ plaques, and by calculating the average number of GJ plaques and AGJs per cell using Microsoft Excel's analysis of variance (ANOVA) "Single Factor and Descriptive Statistics" functions of the data analysis package. In all analyses, a p value of Ͻ0.05 was considered significant. Data are expressed as mean Ϯ SEM.
Online Supplemental Material
Online supplemental material consists of three video sequences to accompany Figures 1B, 1C , and 2A.
RESULTS
Entire GJ Plaques Internalize to Form Cytoplasmic GJ Vesicles
To investigate how GJs are degraded, HeLa cells were transfected with a GFP-tagged Cx43-expressing plasmid. Our comprehensive structural and functional analyses as well as those by others have shown that GFP-tagged Cxs assemble, traffic, and function comparably to untagged Cxs (Jordan et al., 1999; Bukauskas et al., 2000; Falk, 2000) . Because HeLa cells do not express endogenous Cxs, all Cxs synthesized in the transfected cells were GFP tagged and visible. About 12 h posttransfection, GJ plaques were detectable in the PMs between contacting cells (marked with arrows in Figure 1A , left). In the Golgi region (marked with asterisks in Figure  1A , left), we also observed vesicular Cx43-GFP signal, which we have characterized previously as secretory Cx cargo destined for delivery to the PM (Lauf et al., 2002) . At later time points (24 -40 h posttransfection), the secretory Cx cargo signal was diminished. Instead, numerous bright, fluorescent puncta, ϳ1-5 m in diameter, were detected in the cells' cytoplasm ( Figure 1A , right, arrowheads). These puncta were asymmetrically distributed between the two coupled cells (72 Ϯ 3% of puncta in one cell; 50 cells/575 puncta counted). Their fluorescence was as intense as the GJ plaques, suggesting that these puncta were internalized GJs. Subsequent live-cell imaging confirmed that entire GJ plaques, or large portions of plaques, were internalized to form GJ vesicles ( Figure 1B and Supplemental Movie 1B). Combined fluorescence and differential interference contrast (DIC) imaging showed that internalized GJ vesicles, once formed, were completely detached from the PM and translocated into the cytoplasm ( Figure 1C and Supplemental Movie 1C, arrowhead). Note the reappearance of a new GJ plaque in the PM ( Figure 1C , rightmost panel, arrow). Internalization of GJ plaques occurred within 20 -60 min (n ϭ 10). To further characterize the structural organization of internalized GJs, additional analyses were performed. Confocal z-sectioning in the presence of the lipid stain DiI revealed the spherical structure and membranous nature of the internalized GJ vesicles ( Figure 1D ). To verify that these cytoplasmic GJ structures were indeed double-membrane vesicles containing connexons derived from both adjacent cell membranes, HeLa cells stably expressing Cx43-CFP and Cx43-YFP were generated and seeded in mixed cultures. GJs formed between Cx43-CFP-expressing cells (pseudocolored green in Figure 1E ) and Cx43-YFP-expressing cells (pseudocolored red in Figure 1E ) looked yellow, the resulting color of overlaying green and red fluorescence ( Figure 1E , arrows). We also observed yellow-looking cytoplasmically located GJ vesicles, which were internalized with a directional bias into one cell of the cell pair (marked with arrowheads in Figure 1E ). To demonstrate that the lumen of these GJ vesicles contained cytoplasm derived from the neighboring cell, one cell of a pair (coupled by Cx43-GFP-based GJs) was microinjected with red fluorescent quantum-dots (Qtracker 655; GJ impermeable) and followed by time-lapse imaging. GJ plaques that invaginated into the microinjected cells resulted in AGJ vesicles with a black lumen ( Figure 1F , arrowheads), whereas GJs that budded into the noninjected cells resulted in AGJ vesicles with a red lumen ( Figure 1G , arrowheads). Finally, ultrastructural analyses of thin-sectioned Cx43-GFP-expressing HeLa cells showed the electron-dense, striated staining typical for gap and annular junctions and revealed all stages of progressive GJ internalization described above (Figure 1H) . In summary, our results demonstrate that entire GJs or large portions of GJs are internalized to form cytoplasmic AGJ vesicles. 
Subsequent to Internalization AGJ Vesicles Fragment into Smaller Vesicles Suitable for Degradation
We performed additional time-lapse imaging to investigate the fate of GJs after their internalization. Our observations showed that AGJ vesicles, after internalization and translocation, fragmented into smaller vesicles. Specifically, smaller AGJ vesicles were observed to bud from a specific initiation site on the surface of a larger AGJ vesicle (Figure 2A , arrowheads, and Supplemental Movie 2A). This resulted in a clear reduction of parent AGJ vesicle size (by ϳ2 m in the example shown) and a cluster of closely apposed smaller and larger AGJ vesicles. Confocal analysis in the presence of DiI revealed the mixed lipid/Cx composition ( Figure 2B) , and electron microscopic examination revealed the ultrastructural composition of these AGJ vesicle clusters in the cytoplasm of the Cx43-GFP-transfected HeLa cells (Figure 2 , C and D). Overall, these results demonstrate that GJs, after internalization and translocation into the cytoplasm, fragment into smaller AGJ vesicles suitable for further degradation shown to occur primarily via endo/lysosomal path- ways (Ginzberg and Gilula, 1979; Qin et al., 2003; Berthoud et al., 2004; Leithe et al., 2006; our unpublished data) . Thus, smaller AGJ vesicles can be derived from processes other than internalization of small GJ plaques.
Clathrin Is Recruited to GJs and AGJ Vesicles and Is Required for GJ Internalization
In previous studies, a dense protein coat was detected on the outer surface of AGJs by ultrastructural analyses (Larsen et al., 1979) . We thus investigated clathrin localization in our Cx43-GFP-expressing HeLa cells. A robust colocalization of clathrin recruited to defined patches was detectable along the surface of GJs (marked with arrows) as well as AGJ vesicles (marked with arrowheads) by confocal microscopy (Figure 3, A and B) . The same patchy distribution was observed using different clathrin-specific monoclonal and polyclonal antibodies (directed against either clathrin heavy or light chains; see Materials and Methods), with untagged Cx43 expression, and with endogenous Cx43 in COS-7 cells (data not shown). Patches of dense protein with the characteristic thickness and appearance of clathrin coats were also detected on the outside of AGJ vesicles and on GJ plaques by ultrastructural analyses of our Cx43-GFP-expressing HeLa cells (Figure 3 , C-E, arrows).
Because cells have developed several mechanistically distinct endocytic pathways (Conner and Schmid, 2003) , we tested the importance of clathrin for the internalization of GJ plaques by depleting HeLa cells of clathrin-heavy chain by RNAi as determined by Western blot analyses ( Figure 3F ). Endocytosis inhibition was verified by fluorescent transferrin uptake, which was nearly abolished in the RNAitreated cells (data not shown). AGJ vesicles were then counted in wild-type (wt) and knockdown (KD) Cx43-GFPtransfected cells. In three independent experiments, we found a significant reduction in the number of AGJ vesicles that were internalized in the clathrin KD cells (55%; Figure  3G ). A similar result (56% reduction) was obtained when we cultivated Cx43-GFP-transfected HeLa cells in hypertonic medium, a treatment described to prevent clathrin and adaptor proteins from interacting (Heuser and Anderson, 1989; Hansen et al., 1993;  Figure 3H ). Overall, these investigations demonstrate a critical role for clathrin in the internalization and degradation of Cx43-based GJs. 
The Alternative Clathrin-Adaptor Dab2 and the GTPase Dynamin Are Specifically Recruited to Cx43-based GJs and AGJ Vesicles
Clathrin does not interact directly with endocytic cargo, but it is typically recruited by interaction with the adaptor protein complex AP-2 that binds to the cargo receptor. Thus, we examined whether AP-2 colocalizes with Cx43-based GJs and AGJ vesicles. Surprisingly, a very weak colocalization (much less pronounced than the clathrin/GJ colocalization) was observed by confocal analyses (Figure 4, A and B) . Recently, several alternative adaptor proteins have been described that interact with cargo-receptors and clathrin (Puertollano, 2004; Traub, 2005 ). Thus, we tested whether one of the other potent clathrin-binding adaptors, Disabled-2 (Dab2), CALM, or epsin, would colocalize with GJ and/or AGJ vesicles. We found that Dab2, but not CALM or epsin, efficiently localized to Cx43-based GJs, internalizing plaques, and AGJ vesicles in a similar pattern to clathrin (Figure 4 , C-H). Because HeLa cells express relatively high levels of Dab2 ( Figure 4K) , we tested the significance of this colocalization in COS-7 cells, which are known to express low levels of Dab2 ( Figure 4K ; Dance et al., 2004) . Under these low Dab2 expression conditions, an equally robust colocalization between Cx43-GFP-based GJs, AGJ vesicles, and Dab2 was observed (Figure 4, E and F) . Similar results were also obtained with untagged Cx43 expression and with endogenous Cx43 in COS-7 cells (data not shown).
Another protein that is recruited to clathrin-coated pits is the GTPase dynamin, which functions in the completion of vesicle budding (Conner and Schmid, 2003) . Robust colocalization of dynamin with Cx43-based GJs and especially invaginating plaques and AGJ vesicles also was observed ( Figure 4 , I and J).
Myosin-VI Is Specifically Recruited to Invaginating GJs and Translocates Internalized GJ Vesicles along Actin Filaments into the Cytoplasm
Myosin-VI (myo6) is the only motor protein known to migrate toward the pointed (minus) ends (located peri-nuclearly) of actin filaments (Hasson and Mooseker, 1994) . Recently, it has been described to function in translocating vesicles generated by clathrin-dependent endocytosis from the PM through the peripheral actin meshwork into the cell body Dance et al., 2004) . myo6 can interact directly with Dab2 and thus can link cargo and endocytic vesicles to actin filaments (Morris et al., 2002; Dance et al., 2004) . Because endocytic vesicles are generally much smaller (Ͻ 0.2 m in diameter) than newly generated AGJ vesicles (often Ͼ0.5 m in diameter), we wondered whether myosin-VI might also be involved in the translocation of AGJ vesicles.
Staining Cx43-GFP-transfected HeLa cells with anti-myosin-VI antibodies revealed a robust colocalization of myosin-VI specifically with internalizing plaques and newly 
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Vol. 18, February 2007 generated AGJ vesicles ( Figure 5, A-C, arrowheads) . Colocalization with planar GJ plaques (marked with arrows in Figure 5 , A-D), fragmented AGJ vesicles (Ͻ0.5 m in diameter), or with Cx43-GFP-containing secretory vesicles (Figure 5D, asterisks) was not observed. In addition to myosin-VI colocalization, we also observed colocalization of GFP-based GJs and AGJ vesicles with actin filaments stained with rhodamine-phalloidin (confocal microscopy; Figure 5 , E and F, arrows). Actin filament/AGJ vesicle colocalization was confirmed by ultrastructural analyses (Figure 5G , arrowheads) and is consistent with reports from others using endogenously expressed Cxs (Larsen et al., 1979) .
Next, we investigated whether myosin-VI was involved in the translocation process of AGJ vesicles along actin filaments as suggested by the GJ/AGJ vesicle-myosin-VI-actin filament colocalization. Thus, we depolymerized or stabilized actin filaments or overexpressed a GFP-tagged myosin-VI fusion protein (GFP-M6full) in HeLa cells. Using time-lapse image sequences of Cx43-GFP-based AGJ vesicles in living HeLa cells, we determined AGJ vesicle dynamics and calculated the mean velocity and maximum distance AGJ vesicles traveled per unit time. When cells were treated with jasplakinolide (actin filament stabilizer), the mean AGJ vesicle velocity increased significantly (0.20 Ϯ 0.01-0.25 Ϯ 0.01 m/min; p ϭ 0.01; Figure 5H ). Similarly, overexpression of full-length myosin-VI significantly increased mean AGJ vesicle velocity (0.20 Ϯ 0.01-0.25 Ϯ 0.01 m/min; p ϭ 0.01; Figure 5H ). Alternatively, treatment with latrunculin A (actin filament depolymerizer) resulted in a significant decrease in AGJ vesicle mobility, as determined by calculating the maximum distance traveled from the point of origin (1.7 Ϯ 0.3-1.1 Ϯ 0.2 m; p ϭ 0.04; Figure 5I ). Overall, our observed changes in AGJ vesicle mobility indicate that myosin-VI translocates AGJ vesicles away from the PM periphery deeper into the cytoplasm for subsequent degradation. The number of GJs and AGJ vesicles was unchanged in all these experiments (all p values Ͼ0.164), indicating no role for myosin-VI in earlier processes of GJ internalization.
We also investigated myosin-II, a conventional plus-enddirected actin-based motor previously suggested to colocalize with internalized AGJs (Murray et al., 1997) . Using myosin-IIA and myosin-IIB-specific anti-peptide antibodies, we found no localization of myosin-II to the membrane periphery of HeLa cells or to GJs, invaginating plaques, or newly formed AGJ vesicles (data not shown). Treating cells with blebbistatin, a myosin-II-specific inhibitor did not significantly alter the number of AGJ vesicles generated compared with cells that were treated with solvent (DMSO) only (50 cells treated with solvent, 555 AGJ vesicles in total, 11 Ϯ 1 AGJ vesicles/cell; 50 cells treated with blebbistatin, 401 AGJ vesicles in total, 8 Ϯ 2 AGJ vesicles/cell; p ϭ 0.2; ANOVA), suggesting no involvement of myosin-II in GJ internalization.
DISCUSSION
Formation of Double-Membrane GJ Vesicles
Early ultrastructural analyses revealed large vesicular double-membrane GJ structures, AGJs, in the cytoplasm of cells derived from many different tissues (Ginzberg and Gilula, 1979; Larsen et al., 1979; Pfeifer, 1980; Leach and Oliphant, 1984; Mazet et al., 1985; Severs et al., 1989) . Here, we demonstrate by expressing Cx43-GFP (a major GJ subunit protein) in HeLa cells, that entire GJ plaques can be internalized into one of the coupled cells to form these cytoplasmic, double-membrane GJ vesicles (Figure 1 ). Our studies also show that nascent AGJ vesicles, subsequent to internalization, fragment into smaller AGJ vesicles ( Figure 2 ) suitable for further degradation by endo/lysosomal pathways (Ginzberg and Gilula, 1979; Qin et al., 2003; Berthoud et al., 2004; Leithe et al., 2006; our unpublished data) . Internalization of entire GJs, as observed in our study is likely to have a profound impact on the coupling capacity of cells.
Because cell-cell coupling can be regulated by GJ channel gating (Delmar et al., 2004; Lampe and Lau, 2004; Moreno, 2005) , removal of GJ plaques from the membrane suggests that the gating function of channels may decrease/cease; or that Cx43 performs functions in addition to direct cell-cell coupling that requires relocation of Cx43 into the cytoplasm (Giepmans, 2004; Jiang and Gu, 2005) . Finally, by internalizing entire GJ plaques, injured, infected, metastatic, apoptotic, or mitotic cells could uncouple permanently or transiently from neighboring cells. Notably, GFP-claudin-3-labeled tight junctions assembled in mouse Eph4 epithelial cells were recently shown to undergo an analogous internalization process with the two apposed membranes coendocytosed into one of the two adjacent cells (Matsuda et al., 2004) . Endocytosis of adherens junctions (AJs) after calcium depletion has also been reported to occur via a clathrin-mediated pathway; however, AJs are first separated symmetrically and components are internalized into both previously coupled cells (Ivanov et al., 2004a,b) . Desmosomes, another class of cell-cell junctions, also seem to be separated symmetrically into half-desmosomes before internalization, however, in a supposedly clathrin-independent mechanism (Holm et al., 1993) .
GJ channel turnover and internalization has been investigated previously by time-lapse microscopy. However, previous studies analyzed the assembly and turnover of channels within GJ plaques (Gaietta et al., 2002; Lauf et al., 2002) , or only small fragments of GJ plaques were observed to internalize within seconds, or a few minutes (Jordan et al., 2001; our unpublished data) . Although the process of GJ channel removal from plaques remains unclear, published work indicates that channels within a plaque are turned over continuously. It is possible that this occurs in small portions and that this process has been captured in the Jordan et al. (2001) study. Here, in contrast, we describe the internalization of complete or large portions of GJ plaques, which occurred over a period of 20 -60 min.
Proteins Involved in GJ Internalization
We found that the coat protein clathrin, the alternative adaptor protein Dab2, the GTPase dynamin, the unconventional myosin, myosin-VI, and actin filaments seem to be directly involved in the internalization, inward movement, and initial degradation of GJ channel plaques (Figures 3-5 ). Spatiotemporal analyses indicated where and when these protein components interact with GJs and AGJ vesicles (Table 1) , and allowed us to generate a conceptual model for GJ internalization and degradation ( Figure 6 ). Together, we show for the first time that a clathrin-dependent endocytic process internalizes double-membrane regions that can be 50 times larger than a typical endocytic vesicle (Conner and Schmid, 2003) . In addition, this internalization process occurs on lateral membranes that contact neighboring cells. Recent consistent reports have shown clathrin-related internalization of large particles, such as viruses and pathogenic bacteria (Ehrlich et al., 2004; Rust et al., 2004; Veiga and Cossart, 2005) and of large latex beads (Aggeler and Werb, 1982) .
In an early ultrastructural study, clathrin had been speculated to be involved in GJ internalization (Larsen et al., 1979) ; however, a robust colocalization of clathrin with GJs, internalizing plaques, and AGJ vesicles as described in our study had not been reported. The crucial role of clathrin for GJ internalization was demonstrated in our study by a significant reduction in AGJ vesicle formation in clathrin KD cells (Figure 3 , F and G), and in cells cultivated in hypertonic medium ( Figure 3H ), a treatment known to prevent clathrin and adaptor proteins from interacting (Heuser and Anderson, 1989; Hansen et al., 1993) . Unexpectedly, we found that clathrin did not seem to coat the entire surface of GJs and AGJ vesicles, but it was distributed in distinct patches (Figure 3 , A-E). Clathrin patches have been detected on the cytoplasmic PM surface and clathrin triskelia can assemble into lattices with varying curvatures (Heuser and Anderson, 1989; Fotin et al., 2004) . Together, these studies suggest that adaptable clathrin coats can accommodate the internalization of vesicles and other structures that vary significantly in size and shape.
Generally, clathrin interacts indirectly with endocytic cargo via the adaptor protein complex AP-2 that binds both the cargo receptor and clathrin (Traub, 2005) . We did not observe significant colocalization of GJs and AGJ vesicles with AP-2; instead, we found a pronounced colocalization with the alternative clathrin adaptor disabled-2 (Dab2). The colocalization of Dab2 with Cx43-based GJs and AGJ vesicles seemed to be highly specific as indicated by an equivalently robust Dab2 staining of GJs and AGJ vesicles in COS-7 cells, which express low levels of Dab2 ( Figure 4K ) (Dance et al., 2004) . Dab2 belongs to a new family of alternative clathrin adaptors (including ␤-arrestin, ARH, AP180/ CALM, HIP1, epsin, and numb) that were found to interact with certain classes of cargo (Traub, 2003; Puertollano, 2004) . Colocalization of Cx43-GFP-based GJs and AGJ vesicles with other potential potent clathrin-binding adaptors, including CALM and epsin 1, was not observed.
Dab2 has been found to be involved in the internalization of LDL-receptor family members by recognizing and binding to a tyrosine-based internalization motif of the type NPXY (N, asparagine; P, proline; X, any amino acid residue; and Y, tyrosine) via its N-terminal phosphotyrosine-binding (PTB) domain (Morris and Cooper, 2001; Mishra et al., 2002) . In addition, Dab2 can bind directly to PtdIns(4,5)P 2 found in lipid membranes. Both reactions trigger clathrin triskelia assembly and cargo internalization via clathrin-coated vesicles (Morris and Cooper, 2001; Mishra et al., 2002; Hinrichsen et al., 2003; Motley et al., 2003; Mauer and Cooper, 2006) . Using the PH domain of phospholipase C ␦ linked to GFP as a fluorescent probe, we did not find a significant colocalization of PtdIns(4,5)P 2 with GJs (data not shown). Alternatively, conserved putative Dab2 binding motifs of the type XPXY are present in the C terminus of Cx43 (P 283 PGY 286 ) and at least eight additional mouse and human Cxs (including hCx31.9 and its mouse orthologue mCx30.2, h/mCx32, h/mCx37, h/mCx45, h/mCx46, h/mCx47, h/mCx50, and hCx59), suggesting a potential direct interaction of Dab2 with a number of Cxs. Notably, mutation of critical amino acid residues within and around the putative Cx43-Dab2 binding site (P 283 , Y 286 , and V 289 ) significantly increased the half-life and the PM localization of Cx43 (Thomas et al., 2003) , suggesting a pivotal role for Dab2 in GJ internalization.
In addition to its clathrin-adaptor function, Dab2 can associate via its C-terminal serine-and proline-rich region with the C-terminal globular tail of the minus-end-directed actin motor myo6. This association facilitates transport of The GTPase dynamin is also recruited to GJs, resulting in double-membrane protrusion/invagination, neck restriction, and double-membrane scission. Other proteins, such as AP-2 or epsin might be recruited transiently, or in smaller numbers either actively or passively through their interaction with Cx43, Dab2, and/or clathrin. Dab2 then associates through its C-terminal serine-and proline-rich region with the C-terminal globular tail of myosin-VI that binds through its N-terminal motor domain to actin filaments resulting in the inward translocation of the internalized double-membrane GJ vesicles. GJ vesicles then fragment into smaller vesicles that are degraded by endo/lysosomal pathways. nascent endocytic vesicles from the PM toward the cell interior (Morris et al., 2002; Aschenbrenner et al., 2003 Aschenbrenner et al., , 2004 Hasson, 2003; Dance et al., 2004) . We observed a robust recruitment of myosin-VI specifically to internalizing Cx43based GJs and AGJ vesicles but not to planar GJ plaques ( Figure 5 , A-D). We also found actin filaments localized to GJs and AGJ vesicles in Cx43-GFP-transfected HeLa cells by structural and ultrastructural analyses (Figure 5 , E-G), consistent with the well documented role of actin in GJ stabilization and internalization (Larsen et al., 1979; Naus et al., 1993; Murray et al., 1997; Butkevich et al., 2004) . Myosin-VIdriven translocation of AGJ vesicles into the cytoplasm was indicated by the effect of stabilization of actin filaments or myosin-VI overexpression on AGJ vesicle mean velocity ( Figure 5H ). Additionally, disruption of actin filaments significantly reduced AGJ vesicle mobility ( Figure 5I ).
Comparable Clathrin-mediated Internalization Processes
Internalization of double-membrane GJ vesicles is an intriguing process with similarities to phagocytosis or intracellular pathogen (protozoa, bacteria, or viruses) invasion and cell-to-cell spreading (Johnson and Huber, 2002; Cossart et al., 2003; Gruenheid and Finlay, 2003; Rust et al., 2004; Gouin et al., 2005) . AGJ vesicle formation requires active double-membrane protrusion and/or invagination, neck restriction, and double-membrane fission/resealing. How GJ protrusion/invagination is initiated is currently not known; however, GJs are internalized primarily into one of two coupled cells, indicating a highly regulated process. Actin polymerization has been linked to clathrin-dependent endocytosis, membrane protrusion, and invagination events as well as to the clathrin-mediated uptake of viruses and bacteria into host cells (Bonifacino and Glick, 2004; Ehrlich et al., 2004; Merrifield, 2004; Rust et al., 2004; Gouin et al., 2005; Veiga and Cossart, 2005; Yarar et al., 2005) , suggesting that actin polymerization might also be involved in the internalization of GJs. The mechanism for double-membrane fission also remains unclear. Comparable events of mitochondrial outer and inner membrane fission and fusion occur in succession (Meeusen et al., 2004) , suggesting that during GJ vesicle formation the two PMs are also separated successively. A striking similarity between a recent Listeria uptake study (Veiga and Cossart, 2005) and our GJ internalization study is that the clathrin-dependent endocytic machinery is used in both processes to internalize large structures without recruitment of the classical PM clathrin adaptor AP-2. To date, no clathrin-adaptor has been implicated in bacteria or virus internalization; however, based on our results, it is tempting to speculate that Dab-2 might enable/regulate the clathrin-mediated internalization of large structures. Whether myosin-VI is involved in the uptake/translocation of bacteria or viruses is also not known. We also found a pronounced colocalization of dynamin with GJs and AGJ vesicles (Figure 4 , I and J), suggesting that GJ internalization requires dynamin to release the invaginating GJ vesicle from the PM. This is not surprising, because dynamin has been shown to be involved in the majority of endocytic processes, including phagocytosis, caveolae-and clathrin-mediated endocytosis as well as the cellular entry of Listeria (Gold et al., 1999; Pelkmans et al., 2002; Conner and Schmid, 2003; Veiga and Cossart, 2005) . Dynamin is known to be recruited to clathrin-coated pits, and evidence suggests that both actin polymerization and dynamin contribute to the formation, fission, and mobility of clathrin-coated vesicles (Conner and Schmid, 2003; Bonifacino and Glick, 2004; Merrifield, 2004; Yarar et al., 2005) . Our discovery that several key-components of the clathrin-dependent endocytic machinery are involved in the generation of large, double-membrane vesicular structures adds exciting complexity to the dynamic field of endocytosis.
